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UNIFIED MOTION PLANNER FOR
AUTONOMOUS DRIVING VEHICLE IN
AVOIDING THE MOVING OBSTACLE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to a system and method for
providing path planning and generation in a semi-autono-
mous or autonomously driven vehicle and, more particularly,
to a system and method for providing path planning and
generation in a semi-autonomous or autonomously driven
vehicle that includes altering the vehicle steering path in
response to a detected moving object in front of the vehicle,
where the object may be moving in either a transverse or
longitudinal direction relative to the vehicle motion.

2. Discussion of the Related Art

The operation of modern vehicles is becoming more
autonomous, i.e., vehicles are able to provide driving control
with less and less driver intervention. Cruise control systems
have been on vehicles for a number of years where the vehicle
operator can set a particular speed of the vehicle, and the
vehicle will maintain at that speed without the driver operat-
ing the throttle. Adaptive cruise control systems have been
recently developed in the art where not only does the system
maintain the set speed, but also will automatically slow the
vehicle down in the event that a slower moving preceding
vehicle is detected using various sensors, such as radar and
cameras. Certain modern vehicles also provide autonomous
parking where the vehicle will automatically provide the
steering control for parking the vehicle. Some vehicle sys-
tems intervene if the driver makes harsh steering changes that
may affect vehicle stability. Some vehicle systems attempt to
maintain the vehicle near the center of a lane on the road.
Further, fully autonomous vehicles have been demonstrated
that can drive in simulated urban traffic up to 30 mph, observ-
ing all of the rules of the road.

As vehicle systems improve, they will become more
autonomous with the goal being a complete autonomously
driven vehicle. For example, future vehicles probably will
employ autonomous systems for lane changing, passing,
turns away from traffic, turns into traffic, etc. Smooth maneu-
vering and automated lane centering and lane changing con-
trol is important for driver and passenger comfort in autono-
mously driven vehicles. However, as a result of sensor and
actuator latency, measured vehicle states may be different
from actual vehicle states. This difference may cause
improper path generation, which will affect lane changing
harshness.

U.S. Pat. No. 8,170,739 issued May 1, 2012, titled, Path
Generation Algorithm for Automated Lane Centering and
Lane Changing Control System, assigned to the assignee of
this application and herein incorporated by reference, dis-
closes a system for providing path generation for automated
lane center and/or lane changing purposes. The system
employs one or more forward-looking cameras that detect
lane markings in front of the vehicle for identitying a travel
lane on which the vehicle is traveling. A desired path genera-
tion processor receives the signals from the camera, vehicle
state information and a steering angle of the vehicle, and a
request for a vehicle lane change. The system also includes a
path prediction processor that predicts the vehicle path based
on the vehicle state information including vehicle longitudi-
nal speed, vehicle lateral speed, vehicle yaw-rate and vehicle
steering angle. The desired path information and the pre-
dicted path information are compared to generate an error
signal that is sent to a lane change controller that provides a
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steering angle signal to turn the vehicle and reduce the error
signal, where the path generation processor employs a fifth-
order polynomial equation to determine the desired path of
the vehicle based on the input signals.

U.S. Patent Application Publication No. 2010/0082195 to
Lee et al., titled, Method to Adaptively Control Vehicle
Operation Using an Autonomic Vehicle Control System,
assigned to the assignee of this application and also herein
incorporated by reference, discloses improvements to the
path generation algorithm disclosed in the *739 patent that
includes determining a preferred travel path for the vehicle
based on a predicted travel path and an estimated roadway
position.

Both the 739 patent and the *195 application do not pro-
vide desired path generation and automatic vehicle steering in
a semi-autonomous or autonomously driven vehicle for col-
lision avoidance purposes if a moving object is detected in
front of the vehicle.

SUMMARY OF THE INVENTION

The present disclosure describes a system and method for
providing path planning and generation in a semi-autono-
mous or autonomously driven vehicle that provides a steering
correction for collision avoidance purposes. The method
includes detecting a lane center of a roadway lane that the
vehicle is traveling along and determining a lane centering
path that directs the vehicle from its current position to the
lane center. The method also includes detecting a moving
object in front of the vehicle and determining if a collision
between the vehicle and the object will occur if the vehicle
travels along the lane centering path at the current vehicle
speed. The method determines whether vehicle braking alone
will prevent the collision with the object if it is determined
that the collision will occur and if not, determines a steering
path around the object. The method determines if the moving
object is traveling in a transverse or longitudinal direction
relative to the vehicle path, and if the object is moving in a
transverse direction, the method solves a fifth-order polyno-
mial equation to define a collision avoidance path from the
current vehicle position to a waypoint a safe distance from the
object and a return path from the waypoint to the lane center
that the vehicle is automatically steered along. If the object is
moving in a longitudinal direction, the method determines the
collision avoidance path to the waypoint then a cruise path
adjacent to the object, and then the return path back to the lane
center.

Additional features of the present invention will become
apparent from the following description and appended
claims, taken in conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an illustration of a vehicle including components
necessary for providing path prediction and generation in a
semi-autonomous or autonomously driven vehicle;

FIG. 2 is a block diagram of a path prediction and genera-
tion system;

FIG. 3 is an illustration of a vehicle traveling on a roadway
including a transverse moving object in front of a vehicle;

FIG. 4 is an illustration of a vehicle traveling on a roadway
including a longitudinal moving object in front of a vehicle;

FIG. 5 is an illustration of a vehicle traveling on a roadway
showing a predicted vehicle path;

FIG. 6 is an illustration of vehicle motion model; and
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FIG. 7 is a flow chart diagram showing a process for evad-
ing a moving object.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The following discussion of the embodiments of the inven-
tion directed to a system and method for providing path
planning and generation and collision avoidance with a mov-
ing object in a semi-autonomous or autonomously driven
vehicle is merely exemplary in nature, and is in no way
intended to limit the invention or its applications or uses.

FIG. 1 is an illustration of a vehicle 10 including a control-
ler 12 that performs all of the necessary processes, calcula-
tions, algorithms, etc. discussed herein to provide path pre-
diction, generation and control of the vehicle 10 driven in a
semi-autonomous or autonomous manner, where the control-
ler 12 can be any number of independent or combined pro-
cessors, electronic control units (ECUs), devices, etc. The
controller 12 receives signals from one or more forward look-
ing vision cameras 14 that detect lane markings and objects
on or in the roadway or otherwise in front of the vehicle 10,
where the camera 14 can be any suitable detection device for
this purpose, such as a charge-coupled device (CCD) camera,
complementary metal oxide semiconductor (CMOS) video
image sensors, etc. The vehicle 10 also includes a number of
sensors, represented generally as sensor 16, that provides
vehicle motion information including, but not limited to,
vehicle speed, yaw-rate, steering angle, lateral and longitudi-
nal acceleration, lateral and longitudinal speed, etc. The
vehicle 10 further includes a GPS receiver 18 that receives
GPS signals identifying the location of the vehicle 10, which
are provided to a map database 20 that provides an indication
to the controller 12 of the location of the vehicle 10 on the
roadway, for example, as spaced apart roadway points. The
vehicle 10 also includes a sensor 22 representing any number
of sensors, such as cameras, Lidar, radar, etc. that are able to
detect objects in front of the vehicle 10. Based on the desired
path of the vehicle 10 and whether the vehicle 10 is being
semi-autonomously or autonomously driven, the controller
12 may provide output signals to a vehicle brake system 24, a
vehicle throttle 26 and/or a vehicle steering system 28.

FIG. 2 is a general schematic block diagram of a lane
changing and lane centering system 30 that provides a desired
path for the vehicle 10 to follow when changing lanes, either
on a straight road or a curved road, and that provides lane
centering in an autonomous oOr semi-autonomous driven
vehicle. The system 30 includes a desired path generation
processor 32 that may receive a driver’s request for a lane
change from box 34. The desired path prediction processor 32
also receives signals from a lane marking detection processor
36 provided by the camera 14 and object detection sensing at
box 36 provided by the sensor 22. The lane mark detection
processor 36 recognizes the lane markings and represents the
lane with the parameters of lane curvature, tangential angle
and lateral offset, where the output of the lane marked detec-
tion processor 36 is a heading angle and curvature of the road.
The desired path generation processor 32 generates a smooth
path for the vehicle 10 when turning that does not have abrupt
changes that would otherwise provide passenger discomfort.

The desired path is represented as a series of lateral offsets,
heading angles and longitudinal distances over a time period
that the lane change will take place. This path information is
provided to a comparator 40 that receives a signal from a path
prediction processor 42 and provides an error signal between
the desired path and the predicted path. The error signal is sent
to a high-level lane change controller 44 and a low-level lane
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change controller 46 that provides a steering angle command
signal 9, ; for the lane change or lane centering. The lane
change controllers 44 and 46 generate a sequence of future
steering angle commands that minimize the orientation and
offset errors between the vehicles desired path and the pre-
dicted vehicle path.

The steering angle command signal §_,,; is then sent to a
vehicle dynamics controller 48 that provides the steering
control signal §_,,; to the vehicle steering system 28 on the
vehicle 10. As the vehicle 10 turns, the sensors on the vehicle
10, such as a steering angle sensor, speedometer and yaw rate
sensor, provide measured signals of the vehicle motion at box
50. The vehicle motion information is provided to a vehicle
state estimation processor 52 that provides estimated vehicle
state signals, namely, vehicle longitudinal speed, vehicle lat-
eral speed and vehicle yaw-rate. The vehicle state estimation
processor 52 uses a vehicle model to filter the estimated
vehicle state signals. The state signals are sent to the path
prediction processor 42 that will be able to predict the vehicle
path for the next few instances in time based on that informa-
tion. The path prediction processor 42 estimates the vehicle
future path based on the current vehicle speed, yaw-rate and
steering angle.

FIG. 3 is an illustration 60 of a vehicle 62 traveling on a
lane 66 of a roadway 64 having an estimated lane center line
68 at the center of the lane 66 that has been determined by a
lane center estimate algorithm from various sensing measure-
ments, e.g., forward-looking camera and GPS/map database,
where the roadway 64 also includes an adjacent lane 70 to the
lane 66. The vehicle 62 is equipped with all of components
necessary for path prediction and generation including a for-
ward-looking vision camera that detects lane marks on the
roadway 64, where a series of points along the lane 66 identify
the desired position of the vehicle 62 at the camera sampling
times as the vehicle 62 travels along or proximate the center
line 68, and where the points are an average distance between
markings at the right and left edge of the lane 66. It is noted
that the position of the vehicle 62 is provided in vehicle
coordinates as X, y, where x is the longitudinal direction
relative to the vehicle heading and y is the lateral direction of
the vehicle relative to the vehicle heading. Itis desired that the
desired path of the vehicle 62 be exactly overlapped with the
lane center line 68. However, in reality, there would be a
discrepancy between the desired path that the vehicle 62
needs to follow and the actual center of the lane 66. One
reason for the discrepancy is that the initial vehicle position is
not in the center ofthe lane 66 and the moving direction of the
vehicle 62 is not perfectly aligned with the lane center line 68.
In the illustration 60, the vehicle 62 is traveling along a lane
centering path 72, where the algorithm is attempting to center
the vehicle 62 on the lane center line 68 so that the path 72 and
the line 68 overlap and the vehicle 62 is in the center of the
lane 66.

As mentioned above, the *739 patent employs a forward
looking camera and a path prediction and generation algo-
rithm, such as may be employed in the controller 12 and/or the
system 30, to generate a desired vehicle path to maintain the
vehicle 62 at the lane center and a path for lane changing
purposes. The desired path is represented as a series of lateral
offsets, heading angles and longitudinal distances over a cer-
tain time period. The controller 12 generates the desired path
based on a predicted lane center using a fifth-order polyno-
mial equation. The fifth-order polynomial equation has six
unknowns at the beginning of the process for calculating the
desired path. The normalized path problem is independent of
the vehicle states, where the vehicle states are used for coor-
dinate conversion for normalized coordinates to vehicle coor-
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dinates. Continuity assumptions are employed in the algo-
rithm for a smooth path and include the start position and the
orientation angle of the desired path aligned with the current
vehicle position and the vehicle moving direction, where a
lane change path should finish at the center of the destination
lane and align with the lane in the first and second order
derivatives.

The process for determining the lane centering path 72
from the *739 patent is partially recreated below. The camera
14 provides estimates of the position and orientation of the
lane 66 with respect to the center of the vehicle 62. In this
embodiment, the roadway 64 is modeled as two sections of
second-order polynomial equations as:

Veoot®)=A 7 +B x+C, 0<x<xy, (6]

Veoc2X)=A°+B 5+ Co, %1 <X <55, ()]

where x, and X, represent the end points along the x-axis of
the first section and the second section and y,,., and y,_.,
represent the lateral offset of the roadway 64 with respect to
the vehicle coordinate system R (t). The measurements pro-
vided by the camera 14 include yaw angle ¢, , of the vehicle
62 with respect to the first section of the roadway 64, lateral
offsety, , of the vehicle’s center of gravity from the lane 66,
and roadway curvature p, and p, of the first section and the
second section.

From the geometric relationship between the roadway 64
and the lane representation, the coefficients of equations (1)
and (2) can be related as:

Pl 3
A=
1=7
P2 4
A==
=7
B,~tan ¢,, )]
Clzyr,l' (6)

It is assumed that the roadway 64 runs without discontinu-
ity, that is, the two sections of each roadway representation
connect smoothly without an abrupt change at the transition
point x,. Only the zeroth and first order continuity are
assumed herein, so equations (7) and (8) below hold at the
transition point X;.

Vseet®1)TVeeea¥1), @]

d Ysecl (3)

dx

_ DY
T dx

x=x1 | x=x1

Substituting equations (3)-(8) into equations (1) and (2)
provides:

Cr=Yeeer(*1), ©)]

B\ =24 ,x,+B,. 10)

By integrating equations (3)-(6), (9) and (10), equations (1)
and (2) can be rewritten in terms of the measurements of the
camera 14 as:

15

30

35

40

45

50

55

[

0

6

Vet ) = % ptan(pnn 4y, 0 << an

P2 12
Ysec2(X) = 7962 + (o1 21 + tan(@r X + Ysgg1 (¥1). Xp <X <X 12

Assuming that the vehicle 62 is operating at a longitudinal
speed v, and there are no obstacles in the roadway 64, then the
driver/passengers comfort depends on the vehicle’s lateral
acceleration a,, and the lateral acceleration a,, is a function of
the vehicle speed v, and the steering angle 3. A time variable
t; 1s specified to complete a lane change maneuver indepen-
dent of the vehicle longitudinal speed v, unless the calculated
lateral acceleration a, is predicted to be over a certain limit
during the lane change maneuver. Ifthe lateral accelerationa,
is over the limit, a new path is calculated with a new extended
lane change maneuvering time.

The vehicle longitudinal speed v, is measured by the
vehicle speedometer, and the lateral offset, heading angle and
roadway curvature p are measured by the camera 14. The
desired path generation is formulated for the lane change
maneuver as a boundary condition problem. Assume that the
lane change control begins at t=0 and define (x(t),y(t)) as the
vehicle position at time t with respect to the origin R, (0) of the
coordinate system. Note that the coordinate system R, is the
vehicle coordinate system captured at time t=0 and the posi-
tion and the heading angle of the vehicle 62 at t=0 are aligned
with R (0). Thus, (x(t=0,y(t=0))=(0,0) and y'(0)=0 can be set
without loss of generality.

The initial and final states (y,y',y"),— and (y,y',y")—,, 0T the
vehicle 62 can then be obtained by manipulating the roadway
representation equations (11) and (12). The value (x(t; ).y
(t;x)) corresponds to the desired position of the vehicle 62 at
time t=t; 4, where x(1; ;) can be estimated by integrating the
vehicle longitudinal speed v, and the value y(t;) can be
obtained by the lane width and the roadway geometry. Note
that y,. in equations (3)-(6) represents the lateral offset of the
roadway from the center of the vehicle 62, and here y repre-
sents the vehicle location with respect to R (0).

Selecting a fifth-order polynomial equation for the x and y
positions of the vehicle 62 gives:

YE)=ase +axtraxCraxva xag.

(13)

Considering the initial and final conditions gives:

O@)p @) ")) =00,0,1"se01 (¥(0)), (14)

G@), Y @, ¥ @)y, = 1s)

{ (Vsegt (SULX)), Yeegt (FULX)D), Yoot (KliLx ), 3f 0 < X(1x) < 31 }

(Vseg2 (X)), Voega (VHILXD), Voega (K(1x ), 3f 21 < x(izx) < %2

The problem can be solved by the following linear equa-
tion:
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do (16)
ay
az
az =
aq
as
1 x0) 0 $0  £0 *£(0) Y(x(0))
0 1 20 3x%0) 40 50 Y (x(0)
0 0 2 6x(0)  124%(0)  20x°(0) ¥ (x(0))
U xiy) ®lx) ©lU) #w) 2l yixtx) |
0 1 2x(py) 3x%(x) 407G Sx'w) ¥ (i)
0 0 0 6xm) 12200 206y | LY G0

The path generation problem can be simplified by normal-
ization of the coordinates. Denoting the normalized coordi-
nates as (x,,(t).y,,(t)) gives:

e X0 an
x(tLx)
) 18)
IO = Sy

Substituting equations (17) and (18) into equation (13) and
redefining the coefficients of the polynomial equation, y,, can
be obtained by the following equation:

_ 5 4 3 2
I R el e s SN Tl N A T T (19)

Applying the normalized coordinates of equations (17) and
(18) into the initial and final conditions, the normalized coor-
dinates can be rewritten to the conditions as:

One /Gl ¥ = 0.0, 2 0y ) 0
'n(Xn ) Xnlys Xn —0 —|Y Y X |
Y, y Y nt=0 Ysegl Yix)
) ¥ Gl ¥ Fndyey, = )
, (), Y1) .
(1, Vaeg1 (X(1Lx)) - );([Z((), yxggl(x(th)' );([LL:) ] if 0<x<x
, (), 2(1x))
(1, Vaeg2(X(Lx)) - );([Z((), yxggz(x(th)' );([LL:) ] if 4 <x<xy

The linear equation problem of equation (16) can then be
simplified as:

10

15

20

25

30

35

40

45

50

55

60

65

8
Aol [1L 00 0 0 073 22)
anl D1000 O pAG
aa| 0020 0 0] |yO
G| |1 111 1 1] |y
aa| 0123 4 5| |y
as] L0026 122 |y

Note that the roadway conditions are captured only by the
y-vector and the matrix is a constant matrix regardless of the
initial condition, the final condition or the road geometry.
Therefore, the solution of equation (22) can be obtained by a
few simple algebraic computations. Once the solution is cal-
culated, equation (19) represents the desired path to complete
the current lane change maneuver in normalized coordinates.
Applying equation (18) can yield the desired path profile in
the vehicle coordinates.

Recall the initial position of the vehicle (x(t=0),y(t=0=(0,
0) and the initial heading angle y'0=0 because the vehicle
motion is described by the vehicle coordinate system cap-
tured at t=0,R (0). In curved roadway cases, the boundary
conditions can be written as:

0(x(0)) ¥ x(0)) y"*(0))=(0 0 ¥",5(0)), (23)
O(zx) Y F(Ex) ¥ )= Veeg X)L Viog®
(12.20) ¥"seg¥(12x)), 24

whereL is the lane width and x(t, ) is the x-coordinate at time
1, 5 that corresponds to the longitudinal distance of travel to
complete the lane change maneuver. The value x(t; ;) can be
estimated by integrating the vehicle speed v, over time. Note
that y,,, can be either y,,, or y,,., depending on which
segment X(t; ;) belongs to, i.e.:

{yxegl(x([LX))a if 0 <x(1Lx) <x1 } @5
Yseg = .

Vseg2(X(trx ), if x1 <x(ipx) < x

In normalized form, the initial and final conditions are:

Ol = 0) 3 = 0) o = 0) = [0 0 37 0 ) | O
S SR )
Onln = 1) 3,06 = 1) W = 1) = 6%
, Xx) Plix)
(1 Yo (U Sty e y(x(th))].

Substituting equations (26) and (27) into the linear equa-
tion (22) results in the following solution:

28)

a‘n,Ozan,lzoa

Plirx) 29

Yy )’

"
n2 = 0.5y -
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*(1x) (30)
(1) =05y, (0)-
a 11 17t »h Voes©) y(xliLx))
3 ;
ana |=[3 4 5 V(1) = 0.5y7 (0)- ) |
a, 6 12 20 & y(x(zrx))
.5 ;
X (1x)
7 (1) =0.5y7 (0)-
3= 0% O o)

Note that y,,, can be either y,, or y,,.. depending on
which segment x(t, ;) belongs to.

As seen in equation (30), the first two coefficients of the
polynomial equation are always zero. Further the rest of the
coefficients can be calculated with a few algebraic computa-
tions with the boundary conditions.

For straight road cases, the path generation problem can be
further simplified. The road curvature p is zero throughout the
lane change maneuver and the desired heading angle at the
end of the lane change will be also zero. Thus, initial and final
conditions are:

0x(0)) ¥ (x(0)) y"x(0))=(0 0 0), G

O(Lx) ¥ Ex) ' (10)=L 0 0),

where L is the lane width.
In normalized form, the initial and final conditions can be
written as:

€2

0n(%=0) ¥5(%,=0) ¥, (x,=0)=(0 0 0), (33)

0% =1) 7(3,=1) ¥, (x,=1)=(1 0 0).

Finally, substituting the conditions of equations (33) and
(34) in the linear equation leads to the following solution:

G4

a‘n,Oza'n,l:aanoa (35)

n3 I 1 17 wD 10
\anA]:\?; 4 5] (D =\_15].
ans 6 12 20 |y 6

As seen in equation (36), the coefficients of the polynomial
equation for the straight road are constant regardless of the
lane change maneuver distance, that is, the desired path is
predetermined and no online computation is needed for the
lane change maneuver for straight road circumstances.

The discussion above can be generalized as follows. The
camera 14 detects the lane markings on the ground and
reports the center line 68 of the lane 66 as a third-order
polynomial equation:

(36)

Vi ®)=C3 K+, 5 H4Co, 37

where ¢, ¢, and c; are camera measurements identifying the
center of the lane 66, the current position of the vehicle 62 is
zero, and where the vehicle 62 is aligned with the second
derivative of the curve.

The lane centering controller then generates the lane cen-
tering path 72, i.e., a path from the current vehicle position to
the lane center line 68, at every time step as a single fifth-order
polynomial equation:

— 3 4
V1e®)=ag 1oty L XAy L X0+ XAy LK as,
ox,

G8)

2 3
for 0<§cham,mng§ and Where.aO L0 ALK A p X5 831K,
a, ;X and as ; x> are determined by the lane centering path

generating algorithm.
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The discussion above provides the calculations and opera-
tions that are employed to model the path 72 as a fifth-order
polynomial equation for the vehicle 62 to follow as defined by
measurements from the camera 14 and as set forth in the *739
patent. However, that discussion does not consider the situa-
tion where a moving object, either travelling in a transverse
direction or a longitudinal direction, is detected in front of the
vehicle 62 and in a collision path therewith and how to take an
evasive steering action to steer around the object if it is deter-
mined that braking alone will not avoid the collision.

As will be discussed below, the present invention describes
path generation in a semi-autonomous or autonomously
driven vehicle that avoids a collision with a moving object,
referred to as collision avoidance path (AP) generation, a
steering path around the moving object, referred to as cruise
path (CP) generation, and path generation to return to the
original lane centered path after passing the object, referred to
as return path (RP) generation.

While the path generation process is being performed and
the vehicle 62 is being automatically steered towards the
center line 68 of the lane 66, the object detection sensor 22
will be monitoring and providing object detection of objects
in front of the vehicle 62. The illustration 60 shows a moving
object 74, here a bicycle, moving transversely across the lane
66 in front of the vehicle 62. The object detecting sensor 22
will detect the object 74 and provide an indication of the
moving direction, speed, location and size of the object 74
based on the available technology. Further, based on this
information, the algorithm determines a time-to-collision
value t,, based on the current vehicle speed and the position
of the object 74. Also, the algorithm determines a collision
boundary 76 that identifies the location that a collision with
the object 74 is likely to be considering the speed of the object
74, the size of the object 74 and the value t;. The collision
boundary 76 will be large enough to provide a suitable safety
margin. The algorithm determines if the lane centering path
72 of the vehicle 62 passes through the collision boundary 76,
and if not, there is not a collision threat and the vehicle 62
proceeds along the path 72 at the determined speed.

If the algorithm determines that the lane centering path 72
at the vehicle speed will cross the collision boundary 76, the
algorithm determines if an evasive braking maneuver will
avoid a collision with the object 74. Particularly, given the
current vehicle speed and the distance to the object 74, the

algorithm calculates the required deceleration a, ., to avoid
the collision with the object 74 as:
v 39)

where v, is the current vehicle speed and s,1is the distance
to the object 74.

The algorithm then compares the required deceleration
a_,., withamaximum possible decelerationlimita,_, . ofthe

X, req ax
vehicle 62, and if la, | is less than a, ., the algorithm

xX,req

calculates the vehicle speed profile as:

V(O =V, + et (40)

xregh

However, ifla, | is greaterthana_, ., then braking alone
cannot avoid a collision with the object 74 and the algorithm
proceeds with determining an evasive steering maneuver
around the object 74 as will be discussed below.

The collision boundary 76 includes two waypoints 78 and
80 that are determined from the current vehicle position as the

location where the vehicle 62 must move to avoid a collision
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with the object 74. A collision avoidance path 82 from the
vehicle 62 to the point 78 is one possible path to avoid the
object 74 and a collision avoidance path 84 from the vehicle
62 to the point 80 is another possible path to avoid the object
74. The algorithm determines if both of the two waypoints 78
and 80 are within the roadway boundary or outside of the
roadway boundary in a non-drivable area. If both of the way-
points 78 and 80 are within the roadway boundary, the algo-
rithm calculates a lateral distance D, . from the vehicle posi-
tion to each of the waypoints 78 and 80 from the lane center
path 72 and selects the waypoint 78 or 80 that causes the
smaller lateral deviation of the vehicle 62 from the lane cen-
tering path 72. In the example shown in FIG. 3, the path 84 is
outside of the roadway boundary, and is disregarded as a
possible path for the vehicle 62 to avoid the object 74. There-
fore, the path 82 is selected as the collision avoidance path
y 4p for the vehicle 62 to avoid the object 74.

The collision avoidance path 82 is determined in the man-
ner discussed above as a fifth-order polynomial equation:

YAP(X):45,4PX5+Q4,4PX4+43,4P"3 +a2,APx2 +a,_4p¥t

a9, 4p> 41)

for O<t<t .~ and where A0,ups A1aps 2Py A34p) Baup and
as_yp are unknown coefficients.

Initial conditions at the beginning of the collision avoid-

ance path 82 are defined as:

¥4p(0)=0, 42)
¥'4p(0)=0, 43)
¥"4p(0)=2c,. (44)

From the initial conditions and equations (42)-(44), the
unknown coeflicients a, 45 ,; 4panda, 4pcanbe determined
as:

a9 4p=0, 45s)
a; 4p=0, (46)
a5 4p=Co. 47

Boundary conditions of the collision avoidance path 82 are
defined as:

YaPVd 11 Viane Vil rre+Drcs (48)
V4PV 1107 tane Vel 176)s 49)
V" 1PVl 11 "tame Vol 1) - (50)

The boundary conditions provide three equations (48)-(50)
having three unknown coefficients a; ,p, a,,p and as 4p
which can be solved as:

> 3 4
o (Vitrre) +a3,AP'§vxlTTC) +ay_4p' Vil rre) +
as_ap' Vi 170)° =Viane Vil rrc)*+Dics

G

205 (V7o) +3as 4p (Vil: TTC)2+4a4,AP' trre’+

5as 40 V1) = tame Vi rro)s (52)
202+6a3y4p-(vxznc)+§2a4y4p-(szTTC)2+
20as 4p' (Vat17)” =Y "tane(Vil Tr0)- (53)

After the collision path 80 is solved, and for the situation of
a cross-moving object, the algorithm then calculates a return
path (RP) from the waypoint 78 to the center line 68 of the
original lane 66 as identified by return path 86 in the illustra-
tion 60. Using the deviation D, .,a time-to-return value t;,
from the waypoint 78 to the center line 68 of the original lane
66 can be estimated as:

trrr=trretAT Dy /L, (54)
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where AT, is a typical lane change time, such as 5 or 6
seconds.

As above, the return path 86 is defined as a fifth-order
polynomial equation:

yRP(x)ZQS,Rsz+a4,RPx4+a3,RPx3+a2,RPx2+
), rp¥+ao zp>
for t,;<t<t;;z and where the coeflicients a, zz, a, zp, a5 zp,
a3 zpy A4 zp and as zp are unknown.
Initial conditions of the return path 86 are defined as:

(%)

Yre(Vu 7)Y ap(Vil 1), (56)
Vel 1= up(Vil 1), (57
Y reVil )= ap (Vi T10)s (58)

and boundary conditions of the return path 86 are defined as:

YRP(V T1R) Y iane(ValTIR) (59

VRPVA 1RV tane(Vil 71R) (60)

(61)
Because there are six equations and the six unknown coef-
ficients a, pp, 81 zps A zps A3 gpr 84 gp AN As zp, the coefli-

cients can be determined from equations (56)-(61) and the
return path 86 is solved as:

V' RP(VelT1R)=Y "lane (Vi T1R)>

Qo rp+ay gVl rr) ¥ gp (Vil: 1o’ +a 1m0 (Val 1o+

a4 e (vl 1o +a s.rp Vil 1760 =V ap(Vilrrc)s (62)
a 1,RP+2a2,RP'(vxlTTC)+3a3,RP'(vxlTTCf+

4ay zp' Vil rrc) +3as gp' Vit rre) =y ap(Vitrro)s (63)
2a2,RP+6a3,RP'(VxlTTC3")+12a4,RP'(vxlTTC)2+

20as gp (Vi r70)” =¥ "ap(Vel 1) (64)
Qo rp+ay gVl rrc) ¥ gp (Vil: 1o +a 1m0 (Val 1)+

Ay mp' Vil rrc) +as rp Vil 170)” =Viane Vil T10)> (65)
a 1,RP+2a2,RP'(vxlTTC?")+3a3,RP'(vxlTTC212+

404 2p (Ve 1) 505 2 (Vi 110) =V 1ane Vil 11C0)> (66)
2a2,RP+6a3,RP'(VxlTTC3")+12a4,RP'(vxlTTC)2+

20as gp (Vi 770)” =Y "taneValT0)- (67)

The discussion above is for the object 74 that is moving in
a transverse direction relative to the vehicle travel direction
and as such only the collision avoidance path 82 and the return
path 86 need to be calculated to avoid the object 74. However,
if the object sensors 22 determine that the object is moving in
a collision path in front of the vehicle 62 in a longitudinal
direction relative the vehicle travel direction or the object is
too long to be avoided by only the collision avoidance path 82
and the return path 86, then the algorithm calculates a cruise
path (CP) between the collision avoidance path 82 and the
return path 86.

FIG. 4 is an illustration 100 similar to the illustration 60,
where like elements are identified by the same reference
number, depicting this situation where a moving object 102,
here a bicycle, is traveling in front of the vehicle 62 and with
substantially the same heading. A cruise path 104 is shown
adjacent to the object 102 between the collision avoidance
path 80 and the return path 86 that allows the vehicle 62 to
travel around the object 102, where the cruise path 104 starts
at the waypoint 78 and follows the lane boundary with the
lane offset D, .. As shown, the collision boundary 106 is
modified in size and shape to consider the moving direction of
the object 102.
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The length of the cruise path 104 is defined by a time-to-
cruise value t,,¢ that is determined from the speed of the
object 102 and its direction as:

(©68)

Vx = Vx,obs

Irrs = Irrc + 7 + Imargin»

where v, is vehicle speed, v, ;. is the speed of the object
102, 1 is the length of the object 102, and t is a safety
margin in the cruise time.

As above, the cruise path 104 is defined as a fifth-order

polynomial equation:

margin

_ 5 4 3
.VCP(X)*as,CPx +ay cpX a3 cpX +az,CPx2+al,CPx+
do,cps

(69)

for ty<t<t;; and where the coeflicients a, op, a; ¢, 35 o)
a3 cps Ay, cp aNd a5 - are unknown.
Initial conditions of the cruise path 104 are defined as:

YepVilrre)=Vap(Vidrre)s (70)
V'epWValrr )=V apValrro)s (71)
Y ep(Vitrr) =" ap(Vil rrc), (72)

and boundary conditions of the cruise path 104 are defined as:

YepVil178)VianVid rrs)+Dc (73)
V' PVl 1) =Y tane(Vid 715) (74)
V' cp(Vd 115)=Y "tane(Vid T1s)- (75)

Since there are six equations and six unknowns, the cruise
path 104 is determined or solved by calculating the coeffi-
cients ag cp, 8 cpy A zps 83, cp As,cp AN a5 - from the initial
and boundary conditions as:

2 3
Ao, cptay, cp(Vit rrc)+aa,cp' Vit rre) +as, cp (Vilrre) ™+

Ay cp(Val: rro)+a s5.cp (Val: 116 =Y 4pVd 110), (76)
2

a1,CP+2a2,CP'(vxlTTC?")+3a3,CP'(vxlTTC21 +

4ay cp'(Vulrre) +3as cp Vit rre) =V ap(Vilrre)s an
2a2,CP+6a3,CP'(vxlTT%‘)+12a4,CP'(VxlTTC)2+

20as cp (Vitrre)” =y " ap(Vilr70)s (78)

> 3

o, cptay, cp(Valrrs)+ao cp (il rrs) +a3 cp (Ve rrs)™+

Ay cpVilrrs) +as cp (Ve 175) =Viane Vil 115)s 79)
ay,cpt2ay cp (Vit TT§)+3a 3.cp' (Val- Trsf"'

4a, cp (Ve rrs) 305 cp' (Vi rrs) =V tne(Vid T75)s (80)

2ay cptbas cp (vxlTTS)+12a4,SP'(VxlTTS)2+
20a5,CP'(vxlTTS)3 =" tane(Val 75)- (81)
The return path 86 is then calculated from the end of the
cruise path 104 in the same manner as for equations (62)-(67)
above with the same boundary conditions, but with different
initial conditions as follows:

Yre(Vdrrs)=Y cp(Vil 71s)s (82
YRV 115)=Y'cp(Val 115)5 (83)
Y'reVal 1)y cp(Val rrs)s 84
Ao zpt @1 2PVl 7rs)+ o mp (Vid, TTS)2+a3,RP' Wl rrs)’+

Ay pp (Vi 115) +a s.rp (Val 175) =V.ap(Vd r1s)s (85)
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2
@y gp+2a5 pp'(Vil775)+303 mp (Vil 7rs) +

day gp' (Valrzs) +5a5 rp (Vi r1s) =y 4p(atrrs), (86)
2, pptbay m'(vxln§)+12a4 rp (Vs +
20as gp (Vil7zs)” =¥ "1p(Vil 725)s (87)

According to another embodiment of the invention, similar
processes as those discussed above can be used to provide
collision avoidance with a moving object in both the trans-
verse and longitudinal direction during manual or semi-au-
tonomous vehicle driving. For manual vehicle driving, the
vehicle is not following a calculated vehicle path that is deter-
mined for lane centering and as such the algorithm does not
know what path the vehicle is following. However, using
vehicle motion sensing data and vehicle dynamics, the path of
the vehicle can be predicted in the path prediction processor
42, and this predicted vehicle path can be used to determine if
a collision with a moving object could occur, and if so, take
automatic evasive steering action.

FIG. 5 is an illustration 90 of the roadway 64 where like
elements to the illustrations 60 and 100 are identified with the
same reference numeral. In this embodiment, as will be dis-
cussed in detail below, the vehicle 62 is not following the lane
centering path 72, but is following a predicted path 92 that is
determined from vehicle motion sensing data and vehicle
parameters in the path prediction processor 42.

FIG. 6 is an illustration 110 of a motion model showing
how the predicted path 92 can be determined as a time series
based on the vehicle steering angle d relative to a vehicle
center of gravity 112 by solving differential equation (88)
from the vehicle motion sensing data v, r and 8 and the
vehicle parameters m, I, C, C,, a and b.

0 vy 1 0 (88)
Ypred 00 0 1 Ypred
@ pred -lo _ Cr+C, bCr—aCy . Ppred
vy myy myy vy
; 0 bC,—aCy & Cyp+bC, -
Ivy Ivy

wherey,,, ;s the lateral position of the vehicle, ¢,,,.,1s the
vehicle heading angle, v, is the vehicle longitudinal speed, v,
is the vehicle lateral speed, r is the vehicle yaw rate, 0 is the
steering angle, m is vehicle mass, I is vehicle inertia, C,and C,
are vehicle front and rear cornering stiffness, respectively,
and a and b are distances to the vehicle front and rear axle,
respectively, from the center of gravity 112.

The curvature of the predicted path 92 can be determined
based on the deviation of the lateral position y,,.,, at different
distances from the current location of the vehicle 62. Using
the predicted path 92 of the vehicle 62, the algorithm can
determine a location of the vehicle 62 at different waypoints
94 along the predicted path 92 as (X,,.15Y prea,1)s Kproa,2s
Yprea,2)s Rprea3Ypreas)s €., where the values 1, 2 and 3
represent sample times. If the sample time is 0.1 sec, for
example, then (X,,,..; 1,Y yreq,1) 18 the waypoint sampled at time
t=0.1 sec. Stated differently, solving equation (88) provides
the series of sample waypoints 94, which is a time series
solution. The time series solution is obtained at each sample
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time, such as 0.1 sec. For example, y,,,.;, is the solution of
equation (88) at t=0.1 sec, y,,,.; » is the solution of equation
(88) at t=0.2 sec, etc. The value x,,,,,, is calculated as v,-0.1
$€C, X, » 18 calculated as v,-0.2 sec, etc.

Once (Xpred,l SyPred,l)S (Xpred,25ypred,2)5 (Xpred,35yPred,3)s etC.,
are obtained, then the curve fitting algorithm determines the
best fitting curve through (Xyreg 1Y precs)s Kprea22Yprec2)s
(Xprea,3:Yprea,s)s €t€., and the predicted path y »,» of the vehicle
62 can be defined by a third-order polynomial equation:

YppR)=p3 X AP X P X AD, (89)

where the parameter p,, p,, p; and p, are unknowns, and are
calculated by a least-squares method minimizing the cost
function J:

1 90
J= EZ [(Ypred,i = YPPX = Xprea, )], ©0

where the solution of the cost function J is given by:

Ps 5 » LT Ypred,1 O
Xpred,l  Xpred,1 Xpred,1
P2 1 Ypred,2
P1
3 2
X X X 1
redn Xpredn  Xpredn
Po & & Ypredn

If the cost function J ata waypoint x,,,,,, exceeds a certain
limit J=J,;,,. 7010 the algorithm ends a first segment of the path

92 at point X,,,,,, and starts a new predicted path as:

red,i

VPP seg2™D3 seg2 'x3+172,seg2 % HD 1 seg2 XD 0,502 92)

Once the predicted path 92 has been determined as above,
the algorithm proceeds to determine if a collision with a
moving object is a concern as also discussed above, and if so,
whether braking can prevent the collision, or if steering is
required. If steering is required, the algorithm proceeds to
determine the collision boundary 76, the waypoints 78 and
80, the collision avoidance path 82, the cruise path 104 and
the return path 86 in the same manner as discussed above,
where the vehicle controller will take over steering of the
vehicle 62 from the vehicle driver and those paths will be
calculated as fifth-order polynomial equations in the same
manner as discussed above.

FIG. 7 is a flow chart diagram 120 providing a general
process flow of the discussion above for providing collision
avoidance. The algorithm starts at box 122 and then deter-
mines if the vehicle 62 is in manual driving or autonomous
driving at decision diamond 124. If the vehicle 62 is in
autonomous driving, then the algorithm provides lane center-
ing and path generation as described above at box 126, and if
the vehicle 62 is being manually driven, then the algorithm
calculates the predicted vehicle path 94 as discussed above at
box 128. The algorithm then determines if an object is
detected in front of the vehicle at box 130, and if so, performs
a collision check to determine if a collision with the object
will occur at the current vehicle speed and path at decision
diamond 132. If no collision will occur, the algorithm returns
to the start box 122. If a collision will occur at the decision
diamond 132, the algorithm calculates the braking distance to
avoid the collision at box 134, and then determines if the
collision is avoidable by braking at decision diamond 136, as
discussed above. If the collision can be avoided by braking
alone at the decision diamond 136, then the algorithm per-
forms the braking maneuver at box 138. If the algorithm
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determines that the collision cannot be avoided by braking
and steering is required, the collision avoidance path 82 is
generated at box 140, the cruise path 104 is generated at box
142 and the return path is generated at box 144.

As will be well understood by those skilled in the art, the
several and various steps and processes discussed herein to
describe the invention may be referring to operations per-
formed by a computer, a processor or other electronic calcu-
lating device that manipulate and/or transform data using
electrical phenomenon. Those computers and electronic
devices may employ various volatile and/or non-volatile
memories including non-transitory computer-readable
medium with an executable program stored thereon including
various code or executable instructions able to be performed
by the computer or processor, where the memory and/or
computer-readable medium may include all forms and types
of memory and other computer-readable media.

The foregoing discussion disclosed and describes merely
exemplary embodiments ofthe present invention. One skilled
in the art will readily recognize from such discussion and
from the accompanying drawings and claims that various
changes, modifications and variations can be made therein
without departing from the spirit and scope of the invention as
defined in the following claims.

What is claimed is:

1. A method for providing an automatic steering path for a
vehicle, said method comprising:

detecting a lane center of a roadway lane that the vehicle is

traveling along;

determining a lane centering path that directs the vehicle

from a current vehicle position to the lane center;
automatically steering the vehicle along the lane centering
path;

detecting a moving object in front of the vehicle;

determining if a collision between the vehicle and the

object will occur if the vehicle travels along the lane
centering path at a current vehicle speed;

determining whether vehicle braking alone will prevent the

collision with the object if it is determined that the col-
lision will occur;

determining a steering path around the object if it is deter-

mined that vehicle braking will not prevent a collision
with the object; and

steering the vehicle along the steering path.

2. The method according to claim 1 wherein detecting a
lane center of a roadway lane includes using camera measure-
ments of detected roadway markings on the roadway and a
map database of roadway geometry and defining the lane
center as a third-order polynomial equation based on fusion
of the camera measurements and the map database roadway
geometry.

3. The method according to claim 1 wherein determining
whether vehicle braking alone will prevent the collision
includes calculating a required deceleration to avoid the col-
lision and comparing the required deceleration with a maxi-
mum capable deceleration of the vehicle.

4. The method according to claim 1 wherein determining if
a collision between the vehicle and the object will occur
includes defining a collision boundary around the moving
object that is based on a speed of the moving object, moving
direction of the object, a size of the moving object and a
time-to-collision value, and determining if the lane centering
path crosses the collision boundary.

5. The method according to claim 4 wherein determining a
steering path around the object includes determining a colli-
sion avoidance path from the current vehicle position to a
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waypoint on the collision boundary, said method further com-
prising steering the vehicle to the waypoint on the collision
avoidance path.

6. The method according to claim 5 wherein determining
the collision avoidance path includes selecting one of a plu-
rality of possible collision avoidance paths to multiple way-
points on the collision boundary where the closest waypoint
to the current vehicle position that is within roadway bound-
aries is selected as the algorithm avoidance path.

7. The method according to claim 5 wherein determining
the collision avoidance path includes solving a fifth-order
polynomial equation based on initial vehicle conditions and
roadway boundary conditions.

8. The method according to claim 7 wherein the fifth-order
polynomial equation is:

yAP(x):‘IS,»{Px5+a4,APx4+a3,AP7‘/} +a2,APx2 +
ay 4pX+do_4ps
for time 0<t<t,,., wherein the initial conditions are defined
as:

¥4p(0)=0,
¥'4p(0)=0,

¥"4p(0)=2c,,

and the boundary conditions are defined as:

YaPVd 11 Viane Vil rre+Drcs
Y PVl 11 aneVal 176)s

V" 42Vl 1) "tame Vol )

where y, » is vehicle lateral position on the collision avoid-
ance path, y,,,.. is vehicle lateral position on the lane centering
path, a, 4p, a8, 4, 85 _4p» 83 4p» 84 4p a0d a5, are unknown
coefficients at to be determined using the initial conditions
and the boundary conditions, t;;~ is the time-to-collision
value, v is vehicle longitudinal speed, and D, - is a lateral
deviation from the lane center.

9. The method according to claim 5 wherein detecting a
moving object in front of the vehicle includes determining
whether the moving object is moving in a transverse direction
or a lateral direction relative to the lane centering path.

10. The method according to claim 9 wherein determining
a steering path around the object includes determining a
return path from the waypoint to the lane center if the object
is moving in a transverse direction.

11. The method according to claim 10 wherein determining
a return path includes determining the return path by solving
a fifth-order polynomial equation based on initial conditions
and roadway boundary conditions.

12. The method according to claim 11 wherein the fifth-
order polynomial equation is:

VRpX) =05 P+ g pX a3 gpX +s XAy gt
Ao rP>
for time t;,<t<ty;z, wherein the initial conditions are
defined as:

VeVl 7)Y 4p(VelTrC),
YRl ap(Vil r16)s

Y re(Velrre)=y (Vi T10)s
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and the boundary conditions are defined as:

YRP(V T1R) Y iane(ValTIR)
YRPVALTIR)=Y tane(Vol T18)5

V' RP(VelT1R)=Y "lane (Vi T1R)>

where y , » is vehicle lateral position on the collision avoid-
ance path, y» is vehicle lateral position on the return path,
Ve 18 Vehicle lateral position on the lane centering path,
Ao zps A1 s 82 s 83 gps A4 zp AN a5 gp are unknown coefli-
cients and to be determined using the initial conditions and
the boundary conditions, t, - is the time-to-collision value,
t,rx 18 a time-to-return value, and v, is vehicle longitudinal
speed.

13. The method according to claim 10 wherein determining
a vehicle steering path includes determining a cruise path
between the collision avoidance path and the return path ifthe
object is moving in a longitudinal direction relative to the
vehicle or if the object is too long to be avoided only by the
collision avoidance path and the return path.

14. The method according to claim 13 wherein determining
the cruise path includes solving a fifth-order polynomial
equation based on initial conditions and roadway boundary
conditions.

15. The method according to claim 14 wherein the fifth-
order polynomial equation is:

_ 5 4
.VCP(X)*as,CPx +a4 cpX +03,CP79+412,CP7‘2+
ay cp¥+do cps

for time t ;- <t<t;,, wherein the initial conditions are
defined as:

Yer(Vilrre)=Vap(Vidrre)s
Y'epVid 1)y ap(Valrre)s

Y'ep(drra)= " ap(Vidrrc),

and the boundary conditions are defined as:

Yer(Vil 178)Vtane Vil 1151+ Dics
V'ep(Vid 1187 tane(Vid 715)5

V' ep(ud 1) eVl TIs),

where v, is vehicle lateral position on the collision avoid-
ance path, y» is vehicle lateral position on the cruise path,
Ve 18 Vehicle lateral position on the lane centering path,
Ay cp» 81,cps Az,cp> A3, cops A4, cp A 5 - p are unknown coefli-
cients and to be determined using the initial conditions and
the boundary conditions, t;; is the time-to-collision value,
tyrg1s a time-to-cruise value, v, is vehicle longitudinal speed,
and D; . is a deviation from the lane center.

16. The method according to claim 15 wherein a length of
the cruise path is defined by the time-to-cruise value that is
determined from the speed of the object and its direction as:

Vx = Vxobs

rrs =1rre + + Imargin,

where v, is vehicle speed, v, . is the speed of the object,
1is the length of the object, and t is a safety margin
in the cruise time.
17. A method for providing an automatic steering path for
a vehicle, said method comprising:
detecting a lane center of a roadway lane that the vehicle is

traveling along;

margin
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determining a lane centering path that directs the vehicle
from a current vehicle position to the lane center;
automatically steering the vehicle along the lane centering
path;
detecting a moving object in front of the vehicle where the
moving object is moving in a transverse direction rela-
tive to the lane centering path;
determining if a collision between the vehicle and the
object will occur if the vehicle travels along the lane
centering path at a current vehicle speed;
determining a collision avoidance path from the current
vehicle position to a safe waypoint adjacent to the mov-
ing object, wherein determining the collision avoidance
path includes solving a fifth-order polynomial equation;
steering the vehicle from the current vehicle position to the
waypoint on the collision avoidance path;
determining a return path from the waypoint to the lane
center, wherein determining a return path includes solv-
ing a fifth-order polynomial equation; and
steering the vehicle from the waypoint on the return path.
18. The method according to claim 17 wherein detecting a
lane center of a roadway lane includes using camera measure-
ments of detected roadway markings on the roadway and map
database of roadway geometry and defining the lane center as
a third-order polynomial equation based on fusion of the
camera measurements and the map database roadway geom-
etry.
19. A method for providing an automatic steering path for
a vehicle, said method comprising:
detecting a lane center of a roadway lane that the vehicle is
traveling along;
determining a lane centering path that directs the vehicle
from a current vehicle position to the lane center;
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automatically steering the vehicle along the lane centering

path;

detecting a moving object in front of the vehicle where the

moving object is moving in a longitudinal direction rela-
tive to the lane centering path;

determining if a collision between the vehicle and the

object will occur if the vehicle travels along the lane
centering path at a current vehicle speed;
determining a collision avoidance path from the current
vehicle position to a safe waypoint adjacent to the mov-
ing object, wherein determining the collision avoidance
path includes solving a fifth-order polynomial equation;

steering the vehicle from the current vehicle position to the
waypoint on the collision avoidance path;

determining a cruise path from the waypoint to an avoid-

ance location beyond the object, wherein determining
the cruise path includes solving a fifth-order polynomial
equation;

steering the vehicle from the waypoint to the avoidance

location on the cruise path;
determining a return path from the avoidance location to
the lane center, wherein determining a return path
includes solving a fifth-order polynomial equation; and

steering the vehicle from the avoidance location on the
return path.

20. The method according to claim 19 wherein detecting a
lane center of a roadway lane includes using camera measure-
ments of detected roadway markings on the roadway and map
database of roadway geometry and defining the lane center as
a third-order polynomial equation based on fusion of the
camera measurements and the map database roadway geom-

etry.



